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Classical Radio Access Network (RAN) used to be the main method for controlling the radio
access portion of a cellular network but now a new technology called Cloud RAN (C-RAN) has
been recently introduced by telecom service providers, which includes pooling the baseband
processing from several cells into a single area that several remote radio units (RRU) can access.
Contrarily, Classical RAN employs a distributed architecture in which each cell’s site-local
baseband processing is carried out.

This research review-based thesis sets out to examine and compare the capabilities and traits
of Cloud RAN and Classical RAN. The study commences by giving an outline of the development
of cellular networks and then goes into detailing RAN architecture. The literature review
investigates the advantages and disadvantages of both C-RAN and Classical RAN architecture
and how well-suited each is to different applications. The study, then, delves into a comparative
analysis of the two technologies, by comparing the research work that has been already done for
these RAN architectures by comparing the key factors like energy efficiency, scalability, and
latency of C-RAN and Classical RAN by using the findings of many research papers and
experimental evaluations. The study also investigates how these two would perform under
different deployment scenarios.

Ultimately this thesis concludes that the classical RAN was the foundation for mobile
communication however, this architecture of the mobile networks had limited scalability and
flexibility which laid the ground for the emergence of new technologies like Cloud RAN. Although
Cloud RAN offers some possible advantages in terms of resource pooling and virtualization, it
must grapple with daunting challenges like, fronthaul capacity, synchronization, and security.
More research is required to assess the influence of Cloud RAN on network behaviour, power
consumption, and the technical underpinnings of this type of system in general. It is also important
to improve research in these areas and incorporate new technologies like Open RAN (O-RAN)
for practical and envisioned future wireless communication networks, which should be efficient,
flexible, and responsive.

Keywords: Virtual Distributed Unit [VDU], Remote Radio Units [RRU], Random Access
Network [RAN], Cloud Random Access Network [C-RAN], Fifth Generation [5G], Open RAN
[O-RAN]
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1. INTRODUCTION

During the evaluation of wireless communication networks, the advancement of Radio
Access Network (RAN) architecture was the most critical in shaping the efficiency,
scalability, and performance of the telecommunication industry. The traditional radio
access network (RAN), also known as the classical RAN, has been the backbone of
mobile networks for many years[1]. However, the introduction of Cloud RAN (C-RAN)
architecture technology has played a key role in reshaping the industry that promises

significant advancements in network performance, scalability, and operational efficiency.

This Transition from Classical to Cloud RAN has sparked interest among most of the
small- and large-scale mobile operators and some vendors that understand the
importance and future implications of this technology are already in a race to equip their
network with this technology. Hence, this thesis specifically aims to compare these two
technologies on the basic of their architecture, strengths, weaknesses, and the potential

implications for future network deployment.

1.1 Background of the Study

To understand the technicalities and evolution of wireless communication this thesis
delves into the background of these technologies. The background of the study
comparing C-RAN with Classical RAN in wireless communication networks is divided

into the following key dimensions.

1.1.1 Evolution of Telecommunications Infrastructure

Over the past few years, the telecommunication industry has gone through significant
transformations which were driven by advancements in technology, changes in
consumer behaviour and the diversity in smartphones. Traditional RAN or Classical RAN
architectures were characterised by their hardware centric and distributive nature, but
they played key role by becoming the foundation to the establishment and expansion of
mobile networks around the world. However, the exponential demand and growth in data
traffic due to large scale applications such as augmented reality and autonomous vehicle

gave birth to emerging technologies like 5G, 5G Advance and 6G[1]. Therefore, to



facilitate the increasing demand for flexibility and scalability vendors need to explore the

alternative network architecture like C-RAN.
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Figure 1: Evolution of Wireless Network [47]

1.1.2 Rise of Cloud Computing and Virtualization

Virtualization and cloud computing technology have completely changed several
industries, including telecommunications. Taking use of these new developments, cloud
RAN centralizes baseband processing tasks, which eventually allows it to manage and
use resources more effectively by separating hardware from software[2]. This underlines

the need to analyse the transition from traditional RAN to C-RAN architecture.

1.1.3 Industry Trends and Standardization Efforts

To meet the changing needs of the upcoming generation of networks, industrialists
including mobile network operators, equipment suppliers, service providers, and
standardization organizations have been actively investigating C-RAN. Further igniting
debate on C-RAN deployment tactics, compatibility, and ecosystem maturity are
standards like the Third Generation Partnership Project (3GPP) and technologies like
Open RAN. [3]

1.1.4 Challenges and Opportunities
Although cloud RAN is a relatively recent technology with several advantages including
increased scalability, flexibility, and cost savings, it is also complicated and has issues

with network latency, synchronization, fronthaul/backhaul requirements, and operational



management. Stakeholders interested in Cloud RAN or want to upgrade their current

Classical RAN infrastructure to C-RAN must be aware of these potential problems.

1.1.5 Research and Development Efforts

Academic research and various industrial publications that took the form of case studies
have, over the years, provided the necessary comparative information on C-RAN and
Classical RAN against given metrics of performance for both networks, compatibility,
feasibility, and various practical implications. Merging all such existing knowledge to
undertake an all-inclusive comparative analysis shall immensely contribute to
understanding RAN architecture and make informed evaluations of the grand strategies

in the telecommunication ecosystem.

1.2 Objective of the Study

The purpose of this thesis is to clarify and provide insight into the need of comparing the
designs of Cloud RAN and Classical RAN in wireless communication networks. The
following topics need to be carefully researched to provide an overview and compare

these structures across different dimensions.

1.2.1 Networking Capacity

Classical RAN architecture has historically offered the power of networking by structuring
specialized hardware parts, which were spread across base stations, in a manner that
enabled communication traffic to be efficiently managed. For areas of high user demand
or dense areas, this design is best suited to satisfy high-capacity networking

requirements.

However, Cloud RAN introduces a revolutionary new technology making it feasible to
centralize baseband processing onto cloud data centers which allows to distribute
resources flexibly and more easily over the network. C-RAN also consumes additional
networking power and surfaces other challenges such as fronthaul/backhaul, bandwidth
requirements or deterministic latency control over heavy-traffic conditions which will be
discussed in later topics. This thesis proposes to explain the networking potential varied
in C-RAN compared to Classical RAN under different network conditions and deployment

settings using provided metrics such as throughputs, latencies, and scalability.

1.2.2 Spectral Efficiency
Classical RAN is based on a distributed infrastructure that commonly operates in a

frequency-division duplexing or a time-division duplexing therefore, spectral resources



are statically allocated for different cells or users. It seems to be a feasible approach for

any conditions, but it results in low spectral efficiency high traffic, and disturbance.

C-RAN implements a more dynamic strategy by using modern signal processing,
centralized coordination, and resource allocation that make it possible to allocate
resources at any time ensuring the real-time traffic demands and channel quality’s level
of support. Consequently, Cloud RAN might dramatically increase spectral efficiency,
decrease interference, and increase the performance of the whole network. The analysis
should compare different possible spectral efficiency metrics and make it possible to
claim a high probability of how it performs in practice under different conditions of traffic,

penetration, and deployment.

1.2.3 Latency Performance

Latency performance has always been a critical factor when selecting one technology
over another. Classical RAN implies that the baseband processing units are placed near
the end-user devices. As a result, transmission latency is minimal, and data package
delivery is swift, demonstrating low latency. Therefore, Classical RAN is often used in
applications that require almost real-time responsiveness, such as games, live

streaming, and voice or video calls.

Conversely, Cloud RAN refers to the fact that the computational task is relocated to a
remote data center or a centralized processing unit. In this case, the distance between
the data center or the centralized processing unit and the base station is increased,
which may introduce additional latency. A comparative analysis of the latency metrics,
such as round-trip time or packet transmission delay, would help to understand how
cloud RAN and Classical RAN architecturally differ in terms of performance and achieved

latency under different network conditions and traffic patterns.

1.2.4 Energy Efficiency

Energy consumption in a classical RAN is mainly from powering and maintaining each
base station. Although the classical RAN promotes operational simplicity and localized
processing, it is more power-intensive because of the same hardware elements and

continuous power usage.

However, Cloud RAN architecture solution could lead to a reduction in energy
consumption due to reduced hardware, especially in cases involving dynamic traffic
scenarios, where it is easy to optimize resource utilization. The purpose of this study is
to examine the relative power consumption metrics of cloud RAN and classical RAN

systems.



1.2.5 Deployment Costs

Cost savings in cloud RAN compared to Classical RAN are attributed to the baseband
processing and virtualization technology. This study proposes to conduct a comparative
analysis of deployment cost metrics including but not limited to total cost of ownership,
capital expenditure, and operational expenditure to compare deployment costs of both

mentioned technologies.

1.2.6 Network Management Complexity

Classical RAN deployment is more decentralized, thus increasing network management
complexity, whereas base stations will require individual configuration, optimization, and
troubleshooting. On the other hand, the more centralized nature of the Cloud RAN can
simplify network management as most tasks, including software updates, configuration
changes, and optimization of performance, can be easily applied to all stations. In the
comparative analysis of network management complexity metrics such as configuration
overhead, maintenance requirements, and troubleshooting complexity, this study seeks
to evaluate how the Cloud RAN impacts, and configuration compared to Classical RAN

under multiple deployment cases and operational models.

1.2.7 Scalability

Classical RAN is likely to be challenged by scalability since the network’s capacity
requirement is growing exponentially and thus deployment of additional base stations
shall be required to meet the demand. The deployment of additional base stations will
translate to increased complexity, and costs and projects will take longer to complete.
Moreover, It will become increasingly difficult to add more base stations in a bid to

manage traffic due to limited space in most urban areas or regulatory limitations.

Cloud RAN architecture takes the revolutionary approach of separating the baseband
processing functions from the hardware and centralizing the functions in the cloud data
center. In doing so, the cloud data center has the ability to manage and allocate
resources such that it can scale the processing capacity readily to accommodate the
evolving network demand. This scalability is not limited to the expansion of the
processing capacity but also includes dynamic resource allocation and increased
efficient use of the hardware resources. The comparative analysis that this study has
purposed to determine the Cloud RAN’s scalability in the context of resource provisioning
time, resource utilization efficiency, and the ability to accommodate the growing traffic

and compare it with Classical RAN under the same stable network.



1.3 Thesis structure

The main goal of the thesis is to understand the intrinsic differences and operational
peculiarities between the Cloud RAN and Classical RAN architectures. The introductory
chapter consists of the background information and the study’s objectives, the
significance of the research and its scope, and brief overviews of the subsequent
sections. After the introduction, the next is the background of the study that discusses
the evolutionary trend of wireless communication technology, the history behind RAN

architectures, and the difference between Cloud and Classical RAN frameworks.

The literature review incorporates past research focusing on historical aspects of RAN
architecture development, a comparative analysis of Cloud RAN and Classical RAN, and
a contemporary look at the existing market tendencies. The literature review also
assesses the involved standards initiatives and regulatory issues. The methodology
section formulates the research study based on an empirical nature and describes the
technical procedures with respect to data collection, comparison evaluation metrics, and

performance analysis of Cloud RAN and Classical RAN.

In the next section of the research analysis, the methodological framework is performed
through the analysis of performance from previous works. It should reflect on the critical
performance parameters and experimenting data or simulation results with the
generated findings. The findings are completed with the conclusion and formatted
statements with acknowledgment of their importance to network operators or interested

parties. The future and limitations introduce its reflection possibilities.



2. LITERATURE REVIEW

The aim of the literature review section is to provide a comprehensive overview of the
historical and current developments in wireless communication networks. The literature
review will set a basic understanding for the complexities of Radio Access Network
architectures. The literature review will start with an exploration of wireless
communication, as well as its impact on local and global scales. Following this, the
review of the introduction to RAN will explore the variety of different RAN switch
architectures and technologies, starting with Classical RAN systems that feature
localized radio and baseband units. Moving further, the literature review will draw a
comparison between different emerging paradigm shifts in Baseband unit and radio
network functions, including Virtual RAN, Distributed RAN, Open RAN, and Cloud RAN.
Another critical aspect of a compare of the two types of architected approaches includes
a discussion of relevant topics, including software-defined networks, virtualization in
RAN, and MIMO. In the end, the review will seek to draw a comparison and determine
the advantages, limitations, and possible applications of each technology, in hopes of
providing critical insights to the network operators who operate the systems and make

adjustments in their operations.

2.1 Wireless Communication Overview

Wireless communication has both changed and enhanced the methods of how people
connect and communicate in the contemporary digital era. The ability to transfer voice,
data, or multimedia content from one end to another without being tied to the wire has
offered users greater mobility and freedom. The present chapter will offer a detailed
review of wireless communication and its technological evolution aimed to introduce a
certain background for further comprehension in the context of C-RAN and classical RAN
architectures, which will be presented in this thesis titled “A COMPREHENSIVE
ANALYSIS OF CLOUD RAN AND CLASSICAL RAN ARCHITECTURES IN WIRELESS
COMMUNICATION NETWORKS”.

Wireless communication systems have evolved through the years, with each new
generation representing a significant advancement in technology. Table 1 depicts the
progression of wireless technology from the first-generation (1G) systems that
introduced analog cellular networks, followed by the second-generation (2G) systems

that brought digital communication and improved voice quality. The third generation (3G)



systems introduced high-speed data services, enabling mobile internet access. Fourth
generation (4G) systems, specifically Long-Term Evolution (LTE), provided higher data
rates, improved spectral efficiency, and low-latency connections[1]. The ongoing
development of fifth generation (5G) systems aims to deliver ultra-reliable, low-latency,
and high-capacity wireless connectivity, supporting diverse use cases such as

autonomous vehicles, Internet of Things (loT), and immersive multimedia experiences.

Table 1: Evolution of Wireless communication from 1G to 5G [4]

Generation Speed Technology Key features
1G 10 Kbps APMS, NMT, TACS Voice Only
2G 14.4 Kbps TDMA, CDMA Voice and Data
2.5G to0 2.75G 171.2 Kbps GPRS Voice, Data, and
Email
3G 3.1 Mbps UMTS, EDGE, HSPA  Voice, Data, Email,
and Video call
4G 100 - 300 Mbps LTE, W iFi, Wi-Max HD Multimedia

streaming, High
quality, High speed,
HD video
conferencing
5G 12-14 Gbps LTE-A Fast internet, loT,
Automatic drive,
Smart health care
application.
One of the fundamental architectures in wireless communication systems is the Radio
Access Network popularly known as RAN. This system is responsible for the linkage of
individual users’ devices with the core network. The architecture is primarily responsible
for signal transmission and reception between the cell sites or base stations and personal
mobile devices. Its components include radio equipment, antennas, and signal
processing units, making it possible to achieve wireless communication within the

defined geographical territory.

A literature review on RAN technology and its understating of the current wireless
communication landscape is required to achieve a deep understating of the topic.
Through the literature review, the critical question of the evolution of wireless
communication technologies, the emergence of RAN architectural designs, and the
development of RAN technology can be answered. By reviewing the most recent

research publications and comparing them to various partial case studies, this thesis will



be able to bring out the actual performance, advantages, limitations, and trade-offs of C-

RAN in comparison with the classical RAN.

2.2 Introduction to RAN

Radio Access Network is a bridge that connects our smartphones and tablets to the wider
network in the world of wireless communications. It enables one to make calls, send text
messages, and browse the internet with just ease without any cable attached to their
devices. RAN technology equally ensures that everyone gets good coverage and enough
space to use their devices at the same time as it uses network elements such as base
stations, radios, and antennas installed in several places to cover a certain area with

network signals.

RAN technology includes a system of software and hardware that is designed explicitly
to aid the transmission and reception of radio signals across air interference. The
hardware and software involved in RAN architecture system include radio units, base
stations, antenna, and signal processing equipment. With these systems in place,
wireless communication can be done efficiently and effectively. The primary advantage
of RAN technology is its ability to deliver uninterrupted coverage and the ability to provide
the capacity to a dispersed population of users. The handoffs between adjacent base
stations also ensure the connection is not interrupted, regardless of how far the user

moves.

2.2.1 Evolution of RAN Architecture and Interfaces

The architecture of the Radio Access Network has evolved over the years to meet the
increasing demand for higher data rates, more efficient ways of data transmission, and
refined user experience. As a result, over the years RAN has taken various shifts along

the generations including from the analog systems to where 5G is the latest version.

The First Generation (1G) of RAN architecture revolutionized the telecommunication
industry by introducing the world to the concept of wireless cellular networks. This era is
characterized by the use of analog technology, with the primary focus on establishing
voice communication over a wireless medium. In Figure 2, 1G RAN architecture is
explained by starting with the Mobile devices on the left designed only for voice
communication and connected wirelessly to the nearest base station using analog
signals. Then comes the base station also known as the heart of 1G RAN, each base
station has a specific geographical area known as a cell which is responsible for carrying

out voice calls to and from mobile devices within its coverage area. The communication
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mobile devices are base stations carried out by analog links, these links use frequency
modulation to transmit voice but are limited in capacity, quality, and security. The mobile
switching center (MSC) is the central component of the 1G network responsible for
routing calls and managing the connections between base stations and the broader
telephone network. Mobile switching centers also make sure that the call can be made
within or externally in a cellular and landline network. In addition, the MSC is connected

to the public switching telephone network (PSTN) via a backhaul connection. [5]
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Figure 2: 15t Generation RAN architecture

Moving from 1G architecture to 2G Radio Access Network was a big change that
changed the use of any communication device fundamentally. The development signified
the change from analog to digital technology in mobile communications. There was a
significant improvement in voice quality, more security measures and the institution of
data services marked the entry into a new era in telecommunications. The digital
technology introduced in 2G, especially in systems like GSM, sees more secure voice
encryption, clearer audio quality, and more efficient use of the radio spectrum. The
advanced functions in the 2G architecture of the Base Transceiver Station (BTS) come
from the use of digital technology. The BTS facilitates robust and clear communication

between the mobile device and the network. [6]
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The most noticeable enhancement of 2G architecture is the addition of the Base Station
Controller (BSC) which can be seen in Figure 3, which took control over multiple BTS
units, coordinating activities such as call setup, frequency hopping, and handovers
ultimately optimizing network activity and resource distribution. Since MSC ensures call
interconnection within the network and connection of the call to the external telephone
network, including the public switched telephone network (PSTN), there is no change in
the role of the Mobile Switching Center, although it was significantly altered in structure
and operation [7]. The 2G backhaul was another improvement, linking the BTS, BSC,
and MSC, which previously was implemented with an analog signal. By upgrading the
backhaul to support digital data transfer, 2G not only improved efficiency and capacity

but also opened new services and features that were previously unattainable.
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Figure 3: 2" Generation (2G) RAN architecture

The evolution to 3G Radio Access Network technology represented another major
technological enhancement in the mobile communications space, as it extended on the
digital capabilities of 2G. The key innovation was the high-speed transmission of digital
data, which opened completely new use cases and services such as mobile internet,

video calling, and more, while the previous generations remained primarily voice based.

In contrast, the network architecture changes significantly in the case of 3G RAN.
Universal Mobile Telecommunications System (UMTS) introduced a new component
called Node-B, that worked in the manner of the BTS in 2G but with the crucial distinction
of enhancing capabilities for supporting higher data rates. In the 3G RAN, the Radio
Network Controller was also newly introduced. This component is responsible for
managing the Node-B’s, so the Radio Network Controllers (RNC) crucial functions are

handovers, load balancing, and admission control. [8]
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To better understand the 3G evolution it can be compared to 1G architecture. As already
discussed in 1G, the architecture is very basic, mobile devices communicate with the
base stations, which link with the Mobile Switching Center. Those links are purely analog
so ambiguity and noise are evident. Moreover, this architecture is entirely focused on
voice communication. Differently, in 3G RAN, the base stations are evolving to Node-B’s
which can be seen in Figure 4. This change displays the upgrade intention to support
higher data rates and support more sophisticated services. The analog links transform
into digital links, supporting the voice as well as high-speed data. Furthermore, RNC
signifies a new layer of network management, enhancing efficiency and service quality.
Hence, the evolution from the simplistic 2G RAN to the complex 3G RAN is an illustration

of the industry’s journey toward enabling more advanced mobile services.
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Figure 4: 3" Generation (3G) RAN Architecture [42]

Another major milestone in telecommunication technology is the evolution of the 4G
Radio Access Network. The move into 4G technology marked the rise of what is termed
an all-IP network. The 4G network significantly revolutionized data transfer speeds and

overall network efficiency. While 2G and 3G networks defined their services in voice and
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basic data functions the 4G network set out to be the first network to specialize in data

transfer and improve internet utilization speeds and efficiency.

There were significant alterations in the 4G RAN architecture[9]. One of the major
advancements is the evolvement of the Node-B into eNodeB, that integrated the
responsibilities of the Base station and the Radio Network Controllers from 3G into a
single entity. This minimization of separated control segments enhances network
architecture simplification, reduces transmission latency, and improves data movement

efficiency.

The 1G architecture typically shows mobile devices connected to base stations, which in
turn are connected to the Mobile Switching Center (MSC). The links in 1G architecture
are analog, reflecting the voice-centric nature of 1G networks. The base stations are
depicted as the primary nodes that facilitate communication, with each station covering
a designated geographic area or cell. When comparing this to the 4G RAN architecture
the transformation can easily be noticed. Figure 5 shows that the eNodeB in 4G replaces
the base stations in 1G, serving a dual role by also taking on the functions of the RNC.
The analog connections evolve into high-speed digital links, reflecting the all-IP nature
of 4G networks. 4G architecture removes the role of MSC, as the eNodeB connects

directly to the evolved packet core, streamlining the process of data transmission. [6]

Thus, the telecommunication industry’s move from the 1G RAN to the 4G RAN shows
the change in the sentiment from voice calls to internet and high-speed data-centered
services. This reflects the consumers’ need for faster and safer communication, which

suggests the progressive nature of mobile network technology development.
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Figure 5: 4" Generation (4G) RAN architecture
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The transition to 5G Radio Access Network signifies a major turning point in mobile
telecommunications in that it sets up a network architecture to meet the need for quicker
data speeds, lessened latency, and more comprehensive connectivity. The 5G RAN,
which is leading this revolution, is intended to accommodate a multitude of applications,
including enhanced mobile broadband, vital communications, and extensive loT
deployments[10]. To achieve these ambitious goals, 5G RAN relies on advanced
technologies, which include Massive Multiple Inputs and Multiple Outputs (MIMO) which
permit the simultaneous transmission of numerous data signals across the same radio
channel, thus dramatically increasing capacity and throughput. Beamforming, in turn,
significantly improves signal quality and energy efficiency by accurately directing the

signals where they are necessary.

One of the most important features of 5G RAN is network slicing. For the first time, it
allowed operators to create many virtual networks and use one standardized physical
infrastructure. A feature of network slicing is the need to ensure conditions determine the
speed and capacity based on individual values therefore, the lack of dependence on
specific parameters including latency allows you to consume network resources much
more efficiently. Figure 6 shows that 5G RAN has a broad level of flexibility and versatility
regarding frequency ranges, as the milimeterWave (mmWave) spectrum has higher
throughput but lower range transmission capabilities. Therefore, it is required to deploy
a high-density network of cells, also known as small cells, to ensure that it covers a large

area and transmits connections at high speeds. [6]

Lastly, it is vital to underline the direction of 5G RAN development toward
decentralization. The introduction of edge computing and similar technologies enables
data processing near the end user, drastically decreasing the existing latency and
supporting real-time application performance. In summation, 5G networks have the
potential to alter the course of digital communication development, enabling completely
new opportunities and scenarios that could previously be characterized as unreal. The
development of 5G RAN represents not only a phase in technological progress but a
significant development, paving the way for the future in terms of growing connectedness

and technological development. [7]
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Figure 6: 5th Generation (5G) RAN Architecture

5G Standalone (SA) and Non-Standalone (NSA) are the two main deployment models
of 5G to determine how the network is built and how it works. Figure 9 shows that the
two models provide different ways of implementing 5G into the current network situation.
5G Non-Standalone is the first stage of 5G deployment. Unlike the Complete model,
Non-Standalone networks use existing 4G LTE infrastructure for some functions. This
relates primarily to the core network, which is caused by the 4th Generation’s limited
capacity. Figure 7 shows that 5G Non-Standalone is a new 5G radio technology that
interacts while utilizing the current 4G core network [7]. The networks are implemented
in a manner to allows operators to deploy 5G service faster by reusing their current 4G
infrastructure to offer people similar data rates and lower lag time than 4G. However, the
newest invention is not used in its entirety because it relies on the 4G core network.
Therefore, the innovative capabilities of the 5G on which the current use is based are

not used since the system only utilizes the 4G core. [11]
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Figure 7: Non-Standalone 5G architecture
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5G Standalone, on the other hand, is the real future of 5G. In SA architecture as can be
seen in Figure 8 there is no reliance on 4G equipment, and the network runs entirely on
the new 5G core. Thus, 5G NSA and SA differ by their name as once the full potential
lies in 5G SA. Actual 5G capabilities, such as end-to-end network slicing, which allows
to provide customized network experience specifically for the needs of a given
application or customer[5]. 5G SA offers much lower latency, reliability, and improved
management, but it does require a major infrastructure rebuild, which is why most

operators began with NSA deployment.

or

>

.‘v/‘
8
e~

>“|
<]

4G LTE Radio 5G New Radio (NR)

Figure 8: Standalone 5G architecture

= — —_—
T
o= EPC
“R” (TE CAYONR R 1TE
Standalone LTE under EPC Standalone NR under 5GC Standalone LTE under 5GC
(option 1) (option 2) (option 5)
=l [FF=1 [T
msc e SED BN 56C
\\ ‘ N
(@) e (R ~R (g nr Q) Te g re (@) NR
Non-standalone LTE and NR Non-standalone NR and LTE Non-standalone LTE and NR
under EPC (option 3) under 5GC (option 4) under 5GC (option 7)

Figure 9: An overview of 5G SA and 5G NSA deployment options [11]
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2.3 Types of RAN Architecture

The Radio Access Network (RAN) is a fundamental component of cellular
telecommunications because it connects individual devices to other parts of a network
through radio connections. RAN is instrumental in allowing our devices to access voice,
data, and multimedia services [12]. As technology has evolved, so too have the
architectures and types of RAN, each designed to meet specific requirements in terms

of coverage, capacity, efficiency, and the types of services they support.

2.3.1 Classical RAN

The classical RAN architecture, also known as traditional RAN, is one of the oldest
models used in cellular networks. It has a high integration level, including that all
elements like Base Stations (BS) and Networking Equipment (NE) are provided by a
single vendor. It facilitates deployment and management as everything can be bought,
fixed, or replaced in one place. However, on the other end, customers are unable to
choose NE from different vendors as well as upgrade them individually. There are two
main base components of classical RAN, first is the Baseband Unit (BBU) and the
Remote Radio Unit (RRU). Figure 10 shows that BBU is located at the bottom of the cell
tower and is responsible for the most critical decisions. It processes all the signals,
performing coding, modulation, and resource allocation [12]. As a result, data
transmission and reception simultaneously become fast and high-quality. RRU is
situated at the top of the tower and is responsible for radio transmission and reception.
The part includes antennas, amplifiers, and filters to provide a consistent communication
link with user devices. The BBU-RRU interface is fully proprietary, adding even more

limitations to the solution.
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Figure 10: Classical RAN Architecture
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In the last couple of decades, the classical RAN has been crucial in the
telecommunications industry and served the industry very well. However, its efficiency
and maximum effect are limited. In the classical RAN, the BBU is located at the bottom
of the tower, centrally, and consumes more energy and operation costs because of the
tremendous amount of processing power which is heated, hence the continuous need
for cooling. Moreover, the capacity of traffic processing is limited, and the centralized
set-up of the BBU makes it a bottleneck as traffic increases. Lastly, classical RAN is
proprietary in nature, limiting competition and innovation in the telecommunications
industry. The operators must rely on a single vendor's ecosystem and cannot use the

most recent developments in the industry.

2.3.2 Distributed RAN

Distributed RAN (D-RAN) is an early cellular networks architecture model with the
distinctive feature of having a Baseband Unit and Remote Radio Head co-located at
each cell site as seen in Figure 11. Therefore, in contrast to centralized RAN, where
multiple RRH are connected to a single BBU pool, D-RAN avoids the use of a single
central processing power location for multiple radio units. BBU is the unit responsible for
processing the transmitted signals from and to user devices. Such processing implies
coding, modulation, and radio resource allocation processes [13]. The RRH, in turn,
transmits and receives radio signals with and from user devices. The defining feature of
D-RAN is that both the BBU and RRH are installed at each cell site, allowing for localized

processing and, therefore, reduced network latency.
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One of the biggest benefits of D-RAN is its short response times to changes in localized
traffic demands. Cell sites in a specific area have independent processing capabilities,
eliminating the need for a far-away, centralized processing station to allocate resources
in real-time. As a result, users become the biggest beneficiaries of this the entire model
as their quality of service improves dramatically. While this model has many benéefits, it
also comes with some drawbacks. Firstly, the distributed system is much more
complicated to manage than centralized RAN. The distributed parts of the cells, such as
the BBU and the RRH, require substantial additional costs, as does the electricity work.
Additionally, the links used to bring back the information to the core from the cells must
be robust. Nevertheless, the D-RAN solution is a prominent technology still applicable
for many deployment scenarios. It can be used effectively when there are many users
involved in the network or when low latency is critical. Moreover, as previously
mentioned, the solution demonstrates a well-developed trade-off between performance
and cost. Thus, the development prospects are extensive. Furthermore, the modern D-
RAN architecture is often subject to change and modifications to adjust to technological
development. Many of them are advanced solutions, such as CRAN or Open-RAN, which
allow further enhancing the results with network optimization and customization. Thus,
the solution not only enables the use of D-RAN benefits but also allows the elimination

or minimizing of its drawbacks, making the cellular network efficient and flexible.

2.3.3 Virtualized RAN

Virtualized RAN (VRAN) is a network infrastructure that creates the basis for a more
flexible and comfortable arrangement of a cell network of a cellular network based on
virtualization technologies. As a result, the vVRAN physically isolates the functions of the
RAN software from the hardware base. Thus, at vVRAN, the baseband processing, which
was performed by dedicated hardware at the cell position, is executed on ordinary
servers in the centralized or distributed data center. This way of separation enables the
dynamic allocation of resources, as well as the software installation and deletion of the

VRAN network functions.
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Figure 12: Virtual RAN Architecture
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Another advantage of vRAN is the ability to scale resources dynamically. Because VNF’s
run on Virtual Machines (VM), operators can quickly add or remove capacity, adjusting
the utilization and cost of each resource. This feature is valuable when dealing with the
traffic patterns associated with modern mobile networks, which can change abruptly.
Furthermore, vVRAN supports cloud-native tools like microservices and containerization.
These tools make the network more agile and flexible, enabling operators to deploy new
features and services more quickly and allowing them to be more easily transmitted to
other cloud-based applications[13], [14]. However, while vVRAN offers increased network
flexibility by using software and virtualization, it introduces challenges. The vRAN needs
a suitable transport network to achieve performance. The network must be high-quality,

low-amplitude, and delay-free to support mobile communications in real time.

2.3.4 Cloud RAN

Cloud RAN, also referred to as Centralized RAN, is a new architectural design of cellular
networks transforming the RAN design and deployment. C-RAN is an architectural
innovation that centralizes the baseband processing functions of the RAN to the
principles of cloud computing to enhance efficiency and flexibility and scalability. Instead
of deploying a baseband processing unit in every cell site as is the case of traditional
RAN architectural designs, which consume too much space and hardware resources,
Figure 13 shows that C-RAN pools the BBU in a central data center or cloud data center
[15]. Doing so efficiently consolidates the processing power to avoid the expensive
hardware that would otherwise be deployed in every cell. Given that the C-RAN systems
require few hardware purchases, it leads to low capital investments and low energy
consumption. Additionally, the centralization of the BBUs enables the incorporation of
some vital functionality and features that are difficult to implement in a distributed
environment. For example, the coordinated multipoint transmission and reception C-
RAN systems require multiple cell sites to cooperate in signal transmission and reception
to boost spectral efficiency coverage and capacity. Evidently, C-RAN systems enable
the virtualization of network functions, which is an important aspect in network

deployment and management.
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On the other hand, as already mentioned, C-RAN poses its own set of challenges, most
notably the problem of low latency high-speed backhaul connections connecting the
central BBUs with several RRHs located at each cell site. The nature of centralization of
this design can also be considered as risky like a failure in the central site can render
several or many cell sites not operational[16]. All in all, C-RAN is considered a
technology of the present and importantly future of shared mobile networks. The
generally much better quality, scalability, and elasticity of the network make C-RAN a
good choice for operators struggling with rapidly increasing consumption of mobile

networks on the part of both consumers and businesses.

2.3.5 Open RAN

Open RAN is an innovative and different way to develop mobile networks, and it has
become a substantial phenomenon in the entire telecommunications sector. It is more
disaggregated and more open and aspires to move away from the closed environments
that have smothered traditional RAN architecture through the ability of open interfaces

and disaggregation to create a more competitive and dynamic atmosphere.

At the core of Open RAN are open interfaces and open standards that allow RAN
equipment from different manufacturers to interoperate. In contrast to the previous RAN
architecture, which was fully proprietary and thus encompassed the learning curve and
vendor lock-in, Figure 14 compares the traits between classical RAN and Open RAN
stating that Open RAN gives operators more freedom to choose their equipment. Mixed
vendors or pick-and-choose concepts can be a reality with O-RAN, and this freedom
arguably returns power to operators. Another trend that becomes real with RAN
disaggregation is software-defined networking and network function virtualization
scenarios. Where software is no longer tied to hardware, RAN functions can be deployed
and managed to utilize cloud infrastructure to achieve better flexibility, scaling, and

maybe even cost savings.
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Figure 14: Classical RAN comparison with Open RAN [44]

The main advantage of Open RAN is that it can significantly boost innovation in the
mobile industry. Due to an open and competitive environment, new participants can
create innovative solutions and enter the market opening new opportunities. In this way,
operators and consumers can benefit from the accelerated development of new features
and technologies [13]. The key challenge of Open RAN is ensuring the interoperability
and performance of multi-vendor solutions. Additionally, Open RAN systems with open
interfaces must be secured against possible threats. However, despite these challenges,
Open RAN is considered the next generation of mobile networks, allowing operators to

achieve greater flexibility, cost savings, and increased innovation.

2.4 Standardization and Regulation in RAN

Standardization and regulation underpin the development and widespread deployment
of Radio Access Networks. Standardization seeks to achieve common technical
standards and protocols, while regulation pursues a set of legal and operational rules
that guarantee fairness, consumer choice, and rational resource use. Standardization’s
primary objective in RAN is to create a shared technical language and specifications for
RAN component and interface types. Thus, it contributes to the promotion of fierce
competition among equipment suppliers, which prevents vendor lock and ensures
consumer choice. The primary organizations behind the RAN standardization strive to

protect the interests of telecom companies and customers, one of those organizations is
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34 Generation Partnership Project (3GPP) [17] which is the leading author of standards
for 5G, and the O-RAN Alliance.
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Figure 15: Global Standards for Wireless Networks

Regulation on the other hand is essential in ensuring RAN infrastructure deployment and
operation are governed. Regulation also ensures that networks are built and operated
under strict safety, and performance requirements. The regulatory bodies such as the
Federal Communications Commission in the US and the European Commission in the
EU develop rules on spectrum allocation, licensing, and RAN deployment and service
equipment’s technical specifications. The functioning of standardization and regulation
is very important for the development of a healthy RAN ecosystem. As standardization
provides a technical platform for regulation, regulation allows building a legal platform for
standard implementation [17]. The coexistence of these processes creates a just, well-

developing competitive environment for working with RAN.

The concept of Open RAN is actively developing in recent years and focusing on open
interfaces and dissociation, creating new prospects for regulators on the one hand and
new challenges on the other. For open interfaces to be full-fledged, open and integrated
in reality they need to be regulated. This aspect is also relevant in terms of security, it is
necessary to ensure that security becomes a property of the system and not a factor
limited to individual vendors. This requires an integrated dialogue between regulators
and governments, the standardization process, and the operators implementing these
standards. In conclusion, both aspects of standardization and regulation are vital for the
functioning of RAN technology as both of them act in parallel with one being more

predictable and reproducing the existing technology, the other offering market
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participants new creative challenges. These two forms of interaction are beneficial for all

participants, regulator, vendors and operator in different ways.

2.5 \Virtualization and Software-Defined Network

The evolution of wireless communication is also heavily influenced by two closely related
technologies, virtualization, and software-defined networking (SDN). Virtualization is the
process of decoupling network functions from dedicated hardware components and
allowing them to be run as programs on ordinary COTS servers, thus making it easier
and cheaper to deploy and manage them in terms of fast network setup, reconfiguration,
and scaling. Virtualization is used in all parts of wireless communication networks like
BBU, Network Function (NF), and RAN [18]. The ability to virtualize these resources and
share resources between them enable better resource allocation by the network

operators, better network optimization fithess functions, and better services deployment.
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Figure 16: Virtual Machine Network

On the other hand, SDN is a network architecture that separates the control plane from
the data plane. In this way, the intelligence of the network and the decision-maker is in
the form of software which resides in the controller, while the hardware device only sends
the data packets based on the decision of the software controller. Hence, making the
network more programmable and automated. A network can be easily built and
controlled by network policymakers where one can easily modify the policies, improve
the flow paths, and identify the network problems making the management of a network

much easier and responsive to change in the network.
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Figure 17: Software Defined Network [45]

Virtualization combined with SDN is also strong in wireless communication. The SDN
controller can dynamically orchestrate and deploy virtualized network functions, thus the
network can quickly act or retract virtual links and instances depending on traffic pattern
changes or the amount of content to be processed. This provides substantial growth to
the Quality of Experience of mobile users, especially in the queue of traffic in high-density
urban areas or when there is no apparent pattern of its placement. Last but not least,
virtualization and SDN together can enable features like Network Slicing in which the 5G
network can be sliced and the operator will create virtual networks with its policies and
services on top of the main 5G infrastructure that can be commonly used. Due to its low
latency industrial automation, time sensitive networks, and high bandwidth-intensive use

cases can also be developed.

2.5.1 Baseband Unit Virtualization

The implementation of the baseband unit virtualization is a critical tunnel-shifting
technology of the traditional radio access network baseband architecture. The main
operational concept of BBU virtualization is the relocation of processing functions from
specially designed hardware in each cell site to a common and general-purpose data
center using a centralized or distributed form of architecture. In terms of technology, this
paradigmatic shift can be referred to as the change from hardware to software-based
baseband units. Figure 18 shows that the novelty of the software BBU will also provide

several performance, economic, scalability, and flexibility advantages. [19]
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A traditional RAN configuration dictated that each cell site has its own BBU, which
resulted in extra hardware costs and made it harder to manage. Figure 19 shows that by
allowing for multiple virtual BBU to be run on one server, BBU virtualization greatly
minimizes the necessity for physical equipment at each site, lowering required capital
expenditure but making network upgrades and maintenance much less challenging
MAUD.
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Figure 18: Virtual BBU pool architecture based on OpenStack [46]
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Virtualization supports dynamic resource allocation, making it possible for operators to
exploit their resources to their full potential under different traffic scenarios. Specifically,
virtual BBU can scale up or scale down, relocate, or even be shared between multiple
cell sites, promoting network performance and resource utility. Additionally, since BBU
virtualization is in place, it is easier to implement other features, such as CoMP
transmission and reception [19]. CoMP facilitates cooperation between multi-cell sites
while transmitting and receiving signals, increasing both the spectral efficiency of the
network and its coverage and capacity. however, it also comes with its limitations and
challenges, one of the challenges is the need to increase dependence on the fronthaul
network. The fronthaul network links the virtualized BBU to the RRH installed at cell sites.
The fronthaul network must be high speed and low latency to support the real-time nature
of BBU processing. The other limitation is the need to appropriately manage and
orchestrate the virtualized BBU. The more the number of virtual BBU to deal with, the
more important the need for appropriate management and orchestration becomes to

enhance performance and prevent performance bottlenecks.

2.5.2 Network Function Virtualization

Network Function Virtualization (NFV) is a revolutionary concept transforming the
telecommunication industry as it allows organizations to implement network functions as
virtualized services. These functions typically are a high-cost type of service as it requires
dedicated, specialized hardware to be implemented. This approach is the same as
increasing complexity and raising additional expenses for a business. The software-
based solutions run as virtual appliances in standard servers. The network functions
might vary from a simple loading balancing to a fully formed routing or even to a whole

network, including firewalls and similar interfaces.

Virtualised Network Functions (VNFs)
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NFV Infrastructure (NFVI) NFV
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Figure 20: High Level NFV Framework
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The main benefits of the NFV approach might include agility, flexibility, and cost-
efficiency. Figure 20 shows that the existing network solution deployed dedicated
hardware appliances for each network function, and those functions that are subject to
many configurations and needs have multiple different options. Thus, NFV helps to
minimize the number of required components [20]. By default, traditional network
functions use specific, specialized hardware. These network elements cannot, or can be
adapted very poorly, in terms of software changes. NFV also has a key role in facilitating
network slicing, which is an essential feature of 5G networks. It involves the creation of
multiple virtual networks on a single physical infrastructure, each customized for the
unique needs of an application or service. This enables the operator to provide
differentiated service classes, including performance and security. Despite the benefits,
NFV involves several challenges. A major challenge is enabling orchestration and
management systems to enable the deployment and management of virtualized network
functions. Furthermore, it also requires planning and architectural considerations to
ensure performance and reliability in a multi-tenanted dynamic environment. However,

the potential benefits are substantial, leading to a key role in future networks.

2.5.3 Radio Access Network Virtualization

RAN virtualization enables network operators to deploy network functions such as
baseband processing, radio resource management, and protocol stack as software
instances running on general-purpose servers or cloud infrastructure. Thus, operators
can take advantage of virtualization benefits such as dynamic resource allocation, rapid
service deployment, and network management simplification. The advantages of RAN
virtualization are significant. It lowers both capital and operational costs by eliminating
the need for specialized hardware and enabling resource pooling and centralized

resource management. [21]

Ethernet
over Fiber

Figure 21: RAN virtualization
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Additionally, RAN virtualization boosts network scalability and flexibility, allowing
operators to respond quickly to changing traffic and service demands. Furthermore, RAN
virtualization promotes innovation because the technology encourages the swift
development and launch of new features. A more open, competitive market can be
fostered by the same technology as the operator is no longer “caught” in a vendor’s
closed, hugely complex ecosystem. It is highly like that, given the continued growth in
mobile data demand, RAN virtualization is set to define the future of mobile networks as

we know them.

2.6 MIMO Overview

Multiple-input multiple-output (MIMO) is a technology used in wireless communication
that involves the use of multiple antennas in both the send and receive destinations.
Traditional systems use one antenna to send and another to receive, but MIMO utilizes
the spatial domain, which enables transmitting multiple data streams concurrently. The
performance of MIMO is determined by how many antennas are utilized in transmission.
MIMO is the use of two or more antennas for both the transmission and reception
stations. MIMO technology uses spatial multiplexing and diversity and has the capacity
to increase data throughput and spectral efficiency. MIMO relies on diverse techniques
to boost overall performance. Figure 22 states that Data streams that are completely
uncorrelated can be transmitted simultaneously over numerous antennas by spatial
multiplexing. Alternatively, diversity can be utilized when transmitting identical data over

more antennas to combat fading and enhance the signal’s dependability.
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Figure 22: Massive MIMO (mMIMO) architecture
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MIMO technology is critical to modern Wi-Fi, 4G, and 5G cellular systems since it lets
them provide significantly higher data rates and better coverage with greater
dependability [22]. MIMO technology is also commonly utilized in various wireless

communication systems and is anticipated to be more widely used in the future.

2.6.1 Beamforming Overview

Beamforming is another signal processing technique used in MIMO systems to
concentrate wireless signals to the intended user or device. Beamforming involves
adjusting the phase and amplitude of multiple signals coming through different antennas
from the transmitter to form a beam of directed energy to the intended party.
Beamforming increases signal quality and strength to the receiving party while reducing

interference from unwanted parties.

2.6.2 Analog Beamforming

MIMO systems implement analog beamforming through the application of phase shifters
to govern the phase of the signal from each element of the antenna. In analog
beamforming, phase shifters are utilized to control the phase of the signal that is
transmitted from each antenna element. As a result, multiple constructive and destructive
interferences create a beam that is focused on the desired receiver. Analog beamforming
involves one RF chain being assigned to one antenna element, which simplifies the

overall architecture and design and ensures a decrease in hardware complexity.
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Figure 23: Analog beamforming architecture
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In analog beamforming, the beam direction is typically static and set once the system is
designed. Therefore, it is inefficient for MIMO systems with rapidly changing channel
conditions and user locations. However, its simplicity and low cost make analog
beamforming suitable for cases with less dynamic requirements for beam steering when
the only goal is to increase the signal strength from a sufficiently certain direction and

decrease interference.
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2.6.3 Digital Beamforming

Digital beamforming in MIMO systems modifies signal digitally at the baseband level.
Each element is connected to its RF chain including mixers, filters, and data converters.
Processed digital signals received on each antenna are combined and processed
through complicated algorithms to form several beams toward different users or
equipment. It is much more flexible and accurate than an analog version. It enables
dynamic changes of the direction and shape of the beam in real time based on the current
channel and user positioning. It is also possible to form multiple independent beams at
the same time. Therefore, digital beamforming allows multi-user MIMO operation.
However, due to a higher number of RF chains and more complex structure, it is far more

expensive and power-consuming than an analog one.
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Figure 24: The fully digital beamforming architecture

2.6.4 Hybrid Beamforming

Hybrid beamforming in MIMO systems is a way to enjoy the benefits of analog and digital
beamforming. While analog beamforming is simple and cost-effective, hybrid
beamforming finds a compromise to allow the combination of simplicity and flexibility.
Analog phase shifters are allowed to create beam pairs, as well as to extend through the

beam space corresponding to multiple antenna elements with the RF chain connected.

Figure 25 shows that with the use of digital processing through the baseband, more
flexible and accurate control to point and form the beam is achieved. The architecture’s
role is primarily to reduce the number of RF chains where each RF chain connects to
antenna elements using analog phase shifters. Despite the reduction in complexity and

power consumption when compared to digital beamforming, it remains a good balance
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between flexibility and adaptability. Thus, because of the cost, performance, and

complexity, hybrid beamforming remains a popular trend in MIMO systems.
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Figure 25: Typical hybrid beamforming transmit architecture for a full array
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3. RESEARCH ANALYSIS

The development of wireless communication technologies has necessitated the
examination of new architectures that could accommodate the requirements imposed by
modern data-hungry applications and services. The chapter represents the
comprehensive analysis of the available research about Classical RAN and Cloud RAN,
aiming at the integration of empirical findings, identification of gaps in the existing
knowledge, and, therefore, gaining insight into the state of the art and potential future
avenues of development. The analysis will start with a review of the available studies
that explored the architecture’s design and performance measures, as well as proof of
work experiments. Therefore, it will help to reveal the empirical findings and limitations
of the research that will contribute to the conclusion about what has already been
examined or what is left out. The follow-up on the literature will have a synthesis nature
in order to integrate the gathered data and identify the trends, threats, and opportunities.

Finally, the chapter will address the gaps and suggest further research.

3.1 Previous studies

The existing literature on the Classical RAN and Cloud RAN architectures has addressed
multiple issues related to the design principles, performance measures, and associated
practical implications. Different studies have focused on the analysis of trade-offs
between centralization and virtualization for different outcomes. Concerning the CRAN
placement of virtual network functions is of significant scholars’ interest, resulting in a
variety of placement strategies and algorithms. In addition, the implications of CRAN for
the 5G integration and network slicing, as one of the critical aspects of capacity
enhancement, have been researched. Some of the practical deployments and
experiments have been conducted, showing the applicability and usefulness of the
CRAN concept in various contexts. Collectively, the literature covers advantages and
disadvantages of both C-RAN and Classical RAN and thus gives input for further
research into identified gaps. The areas for improvement include the long-term cost
evaluation studies; the more efficient algorithm for the VNF placement and the latency

and delay sensitive management in the CRAN network.
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3.2 Architecture

RAN architectures have already been thoroughly discussed in the previous chapter.
Now, In terms of research analysis the architecture can be discussed with the help of

previous studies and divided into the following categories.

3.2.1 Distribution vs Centralization

The classical RAN architecture as can be seen in Figure 26 is a conventional and
distributed one with a BBU and an RRH located at each cell site. The BBU has the
functionality of the handling of complex signal processing, and the RRH is responsible
for the transmission and reception of the radio signals to and from the user devices. It is
a relatively simple and widely utilized RAN architecture in 2G, 3G, and 4G networks.
While it possesses a straightforward, simple, and elastic design, this architecture has
several drawbacks that include the necessity of having dedicated hardware at each cell
site, which raises costs and complexity in management and maintenance. The

architecture of Classical RAN can be seen below.
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Figure 26: A General architecture of Classical RAN

Figure 27 shows that C-RAN by contrast, is a centralized and virtualized RAN
architecture that involves breaking down the BBU function into two parts: a Central Unit
(CU) and a Distributed Unit (DU). The CU is predominantly situated at a central data
center or cloud site and is responsible for higher functions like radio resource

management, scheduling, and mobility control. The DU is implemented at a data center
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space near each cell site and is responsible for lower-level functions like signal
processing and beamforming. C-RAN also offers more flexibility and efficiency in
resource allocation through this functional separation. The CU can allocate resources

among the DU dynamically based on demand.
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Figure 27: A general architecture of a C-RAN cellular Network

3.2.2 Hardware vs Virtualization

The research paper [23] highlighted the potential of software-defined networking and
network function virtualization to revolutionize mobile networks. The study findings
focused on the fact that, through a comprehensive move from specially-designed
hardware equipment to software solutions, it is possible to save massive amounts of
expenses while simultaneously making the networks more controllable and adaptable.
The allocation and removal of the resources become more comfortable as the use of
network capacity becomes more scalable. As a result, mobile networks may become
more flexible and adaptable the rising needs of mobile users. The study articulated the
critical need for SDN and NFV in creating the next generation of mobile networks. A
SDN/NFV based cellular network architecture is shown in figure 28 which shows the
performance is regulated by software, and security and several other physical
specializations are virtualized. This way of shaping the network infrastructure enables

better performance at lower costs.
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Figure 28: SDN/NFV Based Cellular Network Architecture [23]

Another study [24] highlights an important advantage of C-RAN architecture with virtual
network functions, such an approach allows for dramatic improvements in energy
efficiency which can be measured with the help of the energy efficiency model in figure
29. According to the research, C-RAN architecture based on the centralized baseband
processing and virtualization provides a dramatic reduction of power consumption in
comparison to traditional RAN. This improvement is achieved by decreasing the number
of hardware resources and eliminating the redundancy of equipment at cell sites.
Therefore, the study highlights the sustainability aspect of C-RAN as it allows for a mobile
network that is greener and more carbon-neutral than other options. Moreover, it also
decreases the operational cost for mobile operators, making it a suitable choice for

economic reasons, as well.
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Figure 29: CRAN Energy Efficiency assessment model as introduced in
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Lastly, the research paper [25] has underscored the importance of the role of
virtualization in facilitating flexible and scalable 5G RAN architectures. Data on a variety
of C-RAN functional split possibilities were discussed, demonstrating that virtualization
allows for a greater degree of freedom and flexibility to which they may be utilized and
tailored to satisfy the specialized prerequisites of 5G applications and services. By
disconnecting software capabilities from hardware, virtualization allows network
operators to install and manage RAN components more efficiently. The rollout of new
capabilities and features is being accelerated. The drawbacks to virtualization
technology have been recognized, including the necessity for resilient fronthauling to
complete the critical section, as well as fruitful orchestration of virtual network functions.

Nevertheless, the researchers believe that it is only a source of 5G advantage.

3.2.3 Functional Split

In their research paper [26] authors offer an in-depth exploration of the crucial role of
functional split optimization and fronthaul compression mechanism in the success of C-
RAN. The work underscores the importance of the proper choice of the functional split
between the Central Unit and Distributed Unit to optimize performance factors, taking
into account fronthaul capacity and latency, among other considerations. The authors
suggest using various types of compression as seen in figure 30 based on observations
from network information theory to decrease data transmission at the cost of signal
quality. Moreover, the researchers take into account practical issues such as finite block
length codes and the method of algorithm design to ensure the applicability in real
systems. This paper makes a significant contribution to the fronthaul compression field,
as the research showed its potential to reduce capacity and provide a performance
improvement of the overall C-RAN system when the size of the fronthaul connection is

limited.
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Figure 30: Functional split method between RRHs and BBU [26]



38

The paper [27] discusses the need for flexible and diverse RAN architectures to
accommodate a multitude of use cases and requirements for the evolving 5G and
beyond networks. A functional split is one way to achieve this flexibility as it involves the
separation of RAN functions into different components. This paper in the form of a survey
extensively reviews different split options proposed by 3GPP and the O-RAN Alliance,
explaining their benefits, limitations, and challenges in deployment. In addition, the paper
stresses that the choice of the functional split has a major influence on network
performance, cost, and energy efficiency. As the industry trends towards open and
disaggregated RAN architectures, the O-RAN Alliance is making a concerted effort to
standardize interfaces and promote interoperability among various vendors. The study
concludes that this research area necessitates further work to resolve challenges such
as those surrounding fronthaul capacity or low latency requirements, among other

factors, for the efficient, scale-in, and cost-effective 5G and beyond network realization.

3.3 Performance

To perform comparative analysis performance attributes must be compared for these
RAN architectures. Performance attributes for Cloud RAN include how well handover,

data throughput, latency, and spectral efficiency perform for the RAN architectures.

3.3.1 Handover

The research paper [28] proves that C-RAN architecture has substantial potential to
improve handover performance in cellular networks. Specifically, in GSM, C-RAN
reduces handover interrupt time and signalling thanks to the fine synchronization
between cells by cell Wireless Video Distribution up to single such cells in as pooled in
BBU. In UMTS, C-RAN facilitates more soft handovers for cells within a BBU pool, which
removes a considerable number of signalling and transport bandwidth while being
transparent to the cell users. Finally, in LTE, the ability of C-RAN to eliminate the failure
rate of X2-based handovers and radically diminish the number of S1-based handovers
saves the most time and resources. Overall, as was shown in the figure 31, it is worth
noting that the inter-NodeB soft handover in D-RAN will turn into intra-pool softer
handover in C-RAN. In C-RAN, the centralization of the BBU makes Macro diversity of
MRC possible across the cells without RNC participation, while in D-RAN selective

combining is involved.
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3.3.2 Data Throughput and Spectral Efficiency
The comparison of the throughputs regarding V-CRAN, CRAN, and DRAN is obtained in
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Figure 31: Inter-NodeB handover scenarios under D-RAN and C-RAN [28]

the research paper [29]. Simulation experiments on a 19-cell hexagonal-like cellular

network in an urban area are performed with the wrap-around and the Third Generation

Partnership Project, 3GPP, urban path loss model simultaneously. The inter-cell

distance of 500m and a 10MHz LTE system is assumed for each cell. In which, resource

block (RB) of a cell is grouped into larger resource block groups (RBG) that are assigned

to the users equally, where each user gets a maximum of one RBG. The users are

stationary and uniformly distributed in the network. The utilizations factor is a ratio of the

number of users and the number of the RBG. Lastly, the bandwidth of a wavelength is

10 Gb/s and the rest can be seen in Figure 32.
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Figure 32: Comparison of throughputs between V-CRAN, CRAN, and DRAN [29]
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In Figure 32, the relationship between throughput and the utilization factor indicates how
efficient the RAN architecture is with increasing network load. In this case, as
demonstrated in the above figure, V-CRAN always outperforms CRAN and DRAN in
terms of both average cell throughput and cell edge throughput regardless of the
utilization factor. V-CRAN’s superiority in performance is retained as the utilization factor
increases and the system becomes more congested with the increasing amount of loads.
This means that V-CRAN can allow for more loads compared to CRAN and DRAN, thus
it is more scalable. Moreover, this gap between V-CRAN and the other two architectures
in term of throughput only becomes wider with utilization factor growth. It means that in
the most congested cases, V-CRAN can allow for several times more loads than CRAN

and DRAN, which makes it perfect for 5G systems with high loads expected.

While on the right side of the figure, the graph shows the impact of spectral bandwidth
on average cell edge throughput when focusing on the cell edge user. V-CRAN exhibits
even more spectacular performance as it offers more cell edge throughput compared to
CRAN and DRAN for the same spectral bandwidth. This result shows that V-CRAN has
superior spectral efficiency since it can deliver more data rate to the user at the edge of
the cell for the same amount of spectrum resources. Furthermore, the figure also shows
the spectrum-saving capability of V-CRAN and CRAN. They require less amount of
spectral bandwidth compared to DRAN to achieve the same cell edge throughput which
means both V-CRAN and CRAN have the potential to save the spectrum and solve the

spectrum scarcity problem in 5G networks.

3.3.3 Latency

One study conducted [30] demonstrate the Hybrid Automatic Repeat request (HARQ)
constraint in LTE. The paper makes it clear that the fronthaul latency and jitter
substantially determine the feasibility of C-RAN due to the constraints of the LTE HARQ
loops that degrade throughput when acknowledgment messages are not received on
time. The research in this paper makes this constraint explicit and illustrates the
maximum fronthaul latency and jitter under which C-RAN is possible, thus offering
solutions to reduce the fronthaul latency and jitter and cope with more substantial
fluctuations. First, the study proposes using functional splits rather than centralizing all
baseband processing functions, it is possible to centralize a function and leave the
remaining ones at the cell site. This minimizes the fronthaul traffic with the cell level and
relaxes the latency requirements, thus permitting more considerable centralization.
Secondly, the paper proposes techniques to reduce the processing latency and jitter of

real-time RAN functions on General-Purpose Processors (GPP) and Linux. The
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techniques include prioritizing high-priority tasks, reducing the number of tasks, load
balancing, and tactical scheduling. Thirdly, the paper introduces elastic scaling, where
the processing resources can be varied dynamically to meet the real-time operation.
Overall, the paper demonstrates some HARQ constraints in Figure 33 while Figure 34

illustrates the reduced jitter in Linux.
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Figure 33: Cumulative Distribution Function (CDF) of execution jitter [30]
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Figure 34: LTE-FDD HARQ constraint on latency [30]

One of the other latency-sensitive C-RAN architectures proposed in a research [31]
includes the optimization combined with the split of the real-time kernel. To optimize the
C-RAN latency, the researchers optimized two components. The new real-time kernel
was the first optimization to reduce the latency, which is responsible for minimizing

processing duration. The second is the Docker containers with the Data Plane
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Development Kit (DPDK) enable minimizing the networking latency. Experimental results
also guarantee the latency optimization using the C-RAN. Another one is splitting the
PHY and MAC in the C-RAN with the Ethernet fronthaul. Latency was measured in the
test, which occurred only 107.32 us and 128.18 ps for small packets size of 70 bytes,
and 982 bytes for large packets. This indicates a small percentage increase in latency
from small to large packets 20%. The results of the research show optimistic potential
for providing latency critical services by C-RAN in 5G networks. Additionally, it is
improving the statistics in many RMRO scenarios, thanks to the high demand and testing
conditions, because C-RAN will support offloading to cloudlets to meet the timing
requirement more precisely. It has been found that offloading to cloudlets reduces the

response time by 51% compared to classical cloud offloading.

3.4 Energy and Resource Efficiency

The research paper [32] brings to the forefront the challenge of energy efficiency
exhibited by the traditional Radio Access Networks, which is attributed to base station
architecture configuration, and deployment using static costs. It is demonstrated that the
architecture is inefficient in scenarios exhibiting fluctuations in user demand due to two
primary factors such as the base station being either underutilized or oversubscribed.
The research proposes the use of C-RAN as a feasible solution to the two challenges.
Essentially, C-RAN embraces a centralized and virtualized model that centralizes the
baseband processing while the radio functions are decentralized to remote radio heads.
In such a case, the central model effectively distributes the resources based on the
demands of the end-users allowing energy savings. In Figure 35 diagrams a) and b)
track the redistribution of the MN load from the downtown office location to the residential
and recreation areas during the day and night hours of the day, 24 hours respectively;
a) and b) also contribute to the MN load background changes to active RRH density in
the MN load and to VBS size.
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The paper discusses two concurrency challenges regarding energy reduction due to the
use of cloud computing technology that will ensure that the energy consumption of C-
RAN becomes optimal. The first challenge introduced is referred to as dynamic virtual
base stations (VBS) resource provisioning. Essentially, the organization resizes the VBS
based on the size of the traffic demand. For example, when the demand is low, the
company can deactivate the VBS whereas when the demand is high the organization
increases the number of VBS processing nodes. When properly managed and utilized,
the VBS is optimal in providing exemplary quality of service (QoS) to the user. The
solution is quite efficient since the organization can deactivate and activate VBS based
on demand. The second mechanism highlighted is the dynamic RH provisioning, which
is used to optimize the number of full-power active RRH and the number of partially
powered down. When a small area is less used, the organization can use two RRH of
low power to share the coverage. The whole idea is to limit the number of RRH switches.
When an RRH powers up, it is apt to switch a high number of signals in the process. The
RH clusters which are nearby use the same VBS that influences the spectrum. The other
aspect is the efficient utilization of the transmission power and resources when RRH
clusters together depending on how close they are together. The plan is to ensure the
RRH installation is in such a way that they cover close areas. Figure 36 shows that the
entire idea is to limit the switches used to serve the RRH limits. This results in efficient

energy utilization.
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Figure 36: The benefit of dynamic computing-resource provisioning for VBSs [32]

Another research paper [33] discuss about the absence of intelligence in choosing

spectral bands, existing C-RAN mechanisms will require advanced tools for such
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identification of network topology and allocation of resources in the the cases where
substantial traffic volumes are involved. Unlike previous generations, the next-generation
networks are expected to continuously learn from user behavior and spectral stability
and predict the beneficial network for marinating seamless service. Machine learning is
a robust artificial intelligence domain and can play a critical role in enhancing network
operation and management in future cellular networks. Machine learning-aided C-RAN
architectures can automatically determine the available spectrum and its modulation and
adjust the transmission Energy as a measure to consume less power. An innovative C-
RAN with machine learning can potentially transform the 5G network architecture by
generating considerable changes in the air interface and network management. In
addition to maintaining a productive and collaborative environment of spectral bands, C-
RAN generally foresees a future in a networking paradigm by learning the dynamic
position and connection of available bands. The proposed multi-tier hybrid-CRAN (H-
CRAN) using machine learning will significantly deviate from the existing 5G BBU
configuration. The proposed configuration in the research paper hopes to address the
current limitation in that huge traffic in the BBU pool of existing with more granularity,
end-to-end (E2E) optimization, and QoS. The architecture proposed in the proposed
network technology suggests deploying of RAN in a HetNet scenario with different types
of small cells like femtocells, picocells, Relay Nodes, and WiFi APs. These compactly
deployed types of small cells can be used to serve both indoor and outdoor users spread

across densely populated areas.

The above research was able to find the factors that mean considering the change in the
bandwidth can lead to extreme increases in power saving, whereas the existing algorithm
such as centralized Resource allocation, and EE-HCRAN has more variation or
fluctuation in terms of power saving. It is evidenced from Figure 37 that the proposed
multi-tier H-CRAN has a much better improvement in power saving compared to
traditional methods. Similarly, it can also be evidenced in Figure 38, that the analysis of
energy efficiency, along with spectral efficiency, concludes that the spectral efficiency
improved for the proposed multi-tier H-CRAN than the existing algorithm centralized
Resource allocation, and EE-HCRAN.
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Figure 38: Energy Efficiency Vs Spectral Efficiency [33]

3.5 Flexibility and scalability

Compared to traditional Radio Access Networks, the cloud Radio Access Network
provides a wide range of benefits concerning flexibility and scalability. In traditional RAN,
Baseband Units are situated in cell sites in a form of complex alongside Remote Radio
Heads. As BBU and RRH are directly connected, they lack resource allocation and the
ability to adapt to network conditions. In Cloud RAN, BBUs are decoupled from RRHs
and instead, are centralized in the cloud-based Controller. The model of RAN supports
dynamic resource allocation, improving scalability. As a result, the cloud RAN model
offers a novel Cloud RAN model that has a flexible split of RAN between the edge cloud
and the central cloud [34]. Such a dynamic model can change based on the current

network loads. Additionally, this model also enables on-demand provisioning of system
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resources which battles throughput and reduces end-to-end latency by providing CPU
cycles and memory resources closer to the end-user. Therefore, such an architecture
enables this network to battle different loads while maintaining an optimal quality of
service. The different options presented in Figure 39 show how the functional split may
occur in a Cloud RAN implementation and underscore the different methods of functional
split. Thus, the functional split presents a mechanism that allows more resource

allocation based on the network’s needs, enhancing other performance aspects.

e
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Figure 39: Functional Splits in Cloud RAN Architecture [34]

Thus, the comparison shows the key benefits of Cloud RAN over Traditional RAN, such
as enhanced flexibility and scalability that are vital for meeting the requirements of
contemporary mobile networks. The major limitation of Traditional RAN is that it is
distributed, and BBUs and RUs are co-located, which prevents the scalability of the
network and results in low usage of resources. For example, a BBU can be in standby
for most of the time before it gets connected to another live RU, but in the meantime, the
processing capability of the BBU is wasted. On the contrary, Cloud RAN is centralized
from the BBU’s perspective, which allows for a scalable and flexible network [35]. The
centralized nature of Cloud RAN allows for dynamic allocation of processing resources
and feature advancements, such as centralized coordination and management of
resource pools. Moreover, the functional split in DU and CU enables a more detailed
distribution of network functions from the resource-sharing perspective. It allows for
resources to be shared across multiple VRFs, and the amount of resources per VRF to
be adjusted as needed thus making Cloud RAN more efficient. Finally, the fact that Cloud
RAN can virtualize hardware from software enables interoperability of components from

different vendors. From traditional setups that have static and immutable configurations,
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Cloud RAN configurations are adaptable to diverse and growing 5G network
requirements and can be adjusted as necessary. Figure 40 reflects the traditional RAN
setup where both Radio Unit and Baseband Unit are placed at the cell site. At the same
time, it depicts the notion of scalability with Cloud RAN, displaying the logic and physics
of the communication between various elements and sites at the cell site. Simultaneously
with open RAN and vRAN, it includes the open RAN and vRAN with the added scalability
offered by Cloud RAN.

vRAN

Logical interface
——Physical interface—— p3
| m

Open RAN

To the core

Figure 40: Distributed RAN installation scalability comparison with C-RAN [35]

3.6 Security

Traditional RAN architecture, characterized by a distributed set of base stations
employing a large number of independent transceiver units, faces a range of security
threats connected with the open broadcast nature and well-known weaknesses of
wireless communications in general. Eavesdropping, jamming, and a variety of protocol-
based hackers attacking all levels of the network stack qualify as some of the dangers.
Although it is theoretically possible to secure such a network through encryption and
authentication, its independent nature makes it hard to manage and secure. In contrast,
although C-RAN features a centralized BBU setup, it also introduces new dangers
connected with front-haul networks and the use of cloud infrastructures. The BBU pool
might easily be a single point of failure or attack, whereas the front-haul links might be
subject to eavesdropping and interference. At the same time, the use of virtualization
and cloud resources brings new dangers in the form of data theft, inadequate resource
allocations, and possibilities of brief DoS strikes. Although C-RAN offers some security
advantages through centralized monitoring and control, it also includes a new range of

dangers that need specialized countermeasures. [36]
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Table 2: Comparison of existing C-RAN security requirements [36]

\ Attacks/ Threats C-RAN Security Requirements

AC Eb CVIVA | Au Tr | CLES | Pr MR

Physical Eavesdropping attack N Y Y Y M Y N N

Plane CR node impersonation attack Y N Y Y N Y N Y

Primary user emulation attack Y N Y Y N Y Y M

' Y N N | Y | N| Y | N| N

Y N Y Y N Y N N

Y N b ¥ N Y N N

Y N Y Y N Y N N

Wireless channels threats N M Y Y N Y N N

N N Y Y N Y N N

N Y Y Y N Y N N

N Y Y N N Y N N

Control Network layer protocols attacks N N Y Y N Y N N

Plane MAC layer attacks N Y Y Y N Y N N

N N Y hd N Y N N

Common control channel threats N N Y Y N Y N N

IEEE 802.22 threats N M Y Y N Y N N

Radio spectrum resources threats Y N Y Y M Y N M

Y N Y Y N Y Y N

SSDF attack Y N Y Y N N Y N

N N Y Y Y Y N N

N Y N N M Y Y N

Y N Y Y N Y N N

M Y Y N N Y ¥ N

Service Cloud computing service threats Y Y Y ¥ M Y ¥ N
Plane

Virtualization threats Y N Y Y M Y N M

Other security threats Y N Y Y N Y N

However, the open nature of Open RAN also makes it vulnerable to a wide range of
security threats. Open RAN introduces new architecture components and interfaces that
can be targeted by adversaries. Threats across these interfaces can involve anything
from unauthorized access and data breaches to configuration vulnerabilities. In addition,
the software-defined aspects of Open RAN can become a vector for software
vulnerabilities, including potential backdoors in open-source code and compromise of
the upstream libraries. The use of virtualization and cloud infrastructure introduces
attacks on the cloud environment, such as attacks on the virtual network functions and
the management plane. The open fronthaul interface, especially the 7.2x split, is of
particular note due to the lack of encryption on the control plane and the vulnerabilities
to potential man-in-the-middle attacks. Finally, AlI/ML elements present in Open RAN for
network optimizations and control are potential targets leading to poisoning, adversarial,

and inference attacks. [37]
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3.7 Network Slicing and Capacity

Network slicing in C-RAN transforms how mobile networks are constructed and utilized.
Cloud RAN entails separating the C-RAN infrastructure, with central cloud-based
baseband processing and distributed radio functions, into numerous virtual networks or
slices as seen in Figure 41. With virtualization, these slices can be made to satisfy the
unique needs of services or uses, including ultra-reliable low-latency communications for
industrial automation, high-bandwidth video for consumers, or massive machine-type
communications for the Internet of Things [38]. This mix enables the operator to optimize
resource use, diminish operational costs, and expedite service launches. Additionally,
operators may customize offerings with certain performance levels, developing new

sources of revenue and business models.

Slice for mobile traffic

.

CU datacenter Core network

Figure 41: Network Slicing architecture [36]

The interface between centralized baseband processing units and remote radio heads
RRH in C-RAN, allows effective 5G network slicing. It underlines the importance of
dynamic capacity sharing in the fronthaul to meet the distinct needs of the
communicating venues and high-capacity applications supported by slices, such as
those dedicated to low-latency communication or high bandwidth applications.
Therefore, the research compares the trade-offs of different fronthaul technologies
considering their bitrate, flexibility, and cost. The study eventually finds a packet-
switched fronthaul most beneficial for network slicing stating that it is highly adaptable

and can accommodate various functional splits between the BBU and RRH. Therefore,
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it allows adaptive configurations per slice in the fronthaul, minimizing resource wastage,

and improving the overall network at the same time.

Another research [39] analyses the resource management issues in the C-RAN in-depth
regarding adopting 5G and network slicing. Several novel algorithms were suggested to
optimize the radio resource allocation, perform the VM placement in the network function
components, and effectively balance the C-RAN infrastructure load. The purpose of such
algorithms is to make sure that every network slice has the necessary resources to
maintain its requirements of specific performance, whether it is negligible latency, vast
bandwidth capacity, or saturation of the connected device density. It demonstrates that
C-RAN significantly surpasses the traditional RAN in capacity and resource usage
through extensive simulated experiments and even more so when implementing network
slicing. Figure 42 shows that the two-stage Q-learning (TSQL) algorithm proposed in the
study has the best guarantee for the system’s rate of service. For instance, when the
number of users ranges within 6, the minimum cost function chain deployment and radio
resource allocation based on Q-Learning (MCRQ) algorithm can have a total rate
equivalent to the TSQL algorithm. However, when the number of users increases to more
than 10, the algorithm is slower due to the physical node’s computing resource
limitations. The function chain deployment based on Q-Learning and maximum SINR
radio resource allocation (FQMS) algorithm was intended to increase the rate of service
to individual users but ended up decreasing the total rate. The minimum cost function
chain deployment and maximum SINR radio resource allocation (MCMS) algorithm uses
the same mechanisms of the user association and power control as the FQMS algorithm

and has a rate of data that does not surpass the limit of physical resources.

85

60

Total rate (Mbps)

[} &)
o (&)
T

B~
%

0 5 6 7 :
The number of total users
Figure 42: Total rate versus the number of total users [37]
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3.8 Cost and total cost of ownership

The total cost of ownership is an essential metric to determine the economic feasibility
of moving from traditional distributed RAN to virtualized Centralized RAN architecture. In
this paper, total cost of ownership (TCO) will not only include the capital expenditure
associated with building out the network but also the operational expenditure associated
with maintaining and running it. Capital expenditure (CapEx) for instance will cover costs
related to the centralized processing unit pools, optical network unit (ONU) equipment
pooling, splitting, and fiber deployment. Constructing DU pools will be a notable capital
expenditure, especially in a greenfield deployment, where new sites must be established.
The ONU CapEx entails the actual devices placed at cell sites, passive splitters, and
arrayed waveguide grating filters in the DU pool in terms of C-RAN equipment. Fiber
deployment will have costs related to digging and laying out the fiber cable, which will

vary depending on the greenfield, brownfield distinction[40].

On the other hand, operating expenditure (OpEx) will account for the recurring costs of
running the C-RAN network. From the research questionnaires, this will entail the energy
to power base stations, DU pools, and other network equipment. Rentals for both cell
sites and DU pool locations will also factor in OpEx alongside lease costs for fiber optic
lines and maintenance. The TCO analysis should also consider the time factor, as these
expenditures are over the operational life of the network. Future costs are discounted
back to their present value using the concept of net present value, which gives a better
measure of the implications of long-term migration to Centralized RAN. The study
purpose to investigate the best balance of CapEx and OpEx by creating a DU pool
placement optimization problem that will factor as targets TCO. Thus, this optimization
problem aims to determine an optimum number and location of DU pools, digital units,
and splitters needed, based on minimizing the TCO targets and ensuring all constraints
for radio units connected and active. Therefore, network operators will benefit from
making decisions on the most cost-effective deployment and service of Centralized RAN
architecture. Figure 43 shows the summarized components included in the TCP
including, cost for the OpEx that covers energy, renting, maintenance, spectrum, leasing,

and fault management expenses.

To sum up, this paper presents research on the cost-efficient migration from D-RAN to
C-RAN with time and wavelength division multiplexing passive optical networks (TWDM-
PON) fronthaul and functional splitting. It creates an ILP optimization problem of TCO
minimization model, which considers practical constraints. The results demonstrate that
fiber-rich operators should choose traditional C-RAN migration, while fiber-short

operators should migrate to C-RAN with functional splitting. The latter is more cost-
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effective and has a better crossover time compared to traditional C-RAN. Moreover, C-
RAN has better performance and less dependent on the upgradeable cost as well as
cost elasticity in pricing than D-RAN.

Operation

Maintenance

Figure 43: Summary of TCO for C-RAN Network

In Figure 44, the authors investigated the influence of electricity prices, renting, and
leasing on the total cost of ownership. As in the previous analysis, the sensitivity analysis
included artificially doubling and dividing one of these costs to observe how that changes
the TCO. The authors observe that the effects of the various costs vary widely depending
on the architecture. Precisely, the infrastructure cost, which is related to fiber deployment
and leasing, is the dominant cost factor for optical C-RAN, whereas power consumption
and equipment costs are essential for D-RAN. Greenfield C-RAN, in which new fiber is
deployed, is the least sensitive to electricity costs because of the highly efficient and
minimal number of components. On the other hand, microwave D-RAN is the most
sensitive because the microwave backhauling equipment involves additional power
usage. Brownfield C-RAN is more sensitive to energy costs since there is an increase in
equipment and power needs. Leasing and renting are the second cost factor extreme
measured, as D-RAN is significantly more sensitive due to the more substantial number

of pools and associated rental fees. In C-RAN, leasing and renting are not a second
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factor because it translates for a less percentage TCO. The sensitivity analysis reveals

that the nature of the costs must consider when calculating the TCO.
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Figure 44: Sensitivity analysis of TCO with regards to the electricity and
leasing/renting price change [40]

3.9 Practical Deployments and Case Studies

In this section, the practical deployments are discussed with the help of trials done by
Nokia with commercial telecom operators with Nokia’s Cloud RAN Solution. There are in
total two trials done by Nokia with Cloud RAN deployment, one with Elisa in Finland and

two, with A1 in Bulgaria.

3.9.1 Trial with Elisa Finland

One of the licensed Finnish telecommunications businesses, Elisa, partnered with Nokia
for a ground-breaking field trial to assess the performance of C-RAN. This was the first
European trial with In-Line acceleration embedded in a Cloud RAN architecture. It was
performed to determine if a shift away from traditional purpose-built RAN infrastructure
to a more dynamic and extendable cloud-native solution is feasible and beneficial or not.
The Cloud RAN nodes were positioned in nearly every vital region, including the national
capital region Helsinki, Espoo, Finland’s second-largest city, and Oulu Finland’s national
economic hub in the north. The nodes were incorporated into Elisa’s current industrial
5G deployment, providing a realistic perspective on the system’s capabilities. During the
C-RAN field trial, multiple functionalities of the system were evaluated. This involved C-
RAN compatibility with both conventional 4G LTE and cutting-edge 5G standalone
network solutions and essential capabilities, including test voice services, data
throughput, and inter-connectivity. The technology accomplished this mission by

outperforming traditional RAN infrastructure in all measurements, as shown in the trial
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conclusions. The success of the Cloud RAN trial confirms to be the definitive turning
point for Elisa’s usage of cloud-based network systems and an opportunity to investigate
the possibility of edge computing services near end-users. These lessons will then help
to shape the operations of the wider communications business in Finland and thus the

world as a whole, as service providers repose faith in cloud-native systems. [41]

3.9.2 Trial with A1 Bulgaria

In 2022, A1 Bulgaria teamed up with Nokia to conduct a pioneering trial to determine the
possibilities of Cloud RAN technology working in their greenfield commercial 5G network
in Sofia, Bulgaria. The objective of the trial was to establish the viability and operational
efficiency of centralized and decentralized Cloud RAN deployments. This pioneering
method of combining Cloud RAN with A1 Bulgaria’s tower company-sponsored RAN
infrastructure fashion guaranteed a more adaptable and productive network architecture.
One of the critical aspects of the trial included authorizing the complete dissemination of
radio units from distributed units over the extensive separation to analyze the potential
limits of the technologies. By testing the reach of the separation, A1 Bulgaria expected
to realize the possibilities of using Cloud RAN to improve network performance and
coverage. The trial assessed the operational feasibility of Cloud RAN, which entails
automation, a critical tool for dealing with cloud network complexity. In order to obtain a
well-rounded experience, the trial sites were in a vibrant business district and an average
city location. Such a multifaceted atmosphere guarantees a real-world test of C-RAN
flexibility and implementation experience. The trial results were indicative of the potential
of Cloud RAN to revolutionize 5G networks by enhancing flexibility, automation, and

other operational efficiencies. [41]

This case reflects A1’s practical approach in validating critical commercial feasibility
elements of Cloud RAN. They include deployment flexibility, integrate smoothly with the
existing 5G network and automated orchestration. The results indicate that Nokia
evolves Cloud RAN towards a solution in which it will coexist with the purpose-built RAN.
The Nokia anyRAN approach is designed to align with operators to incorporate the needs
for feature performance consistency and the combination of choice of purpose-built RAN
and Cloud RAN with choices for data center and cloud infrastructure. Supported by an
ecosystem of trusted cloud partners with trusted collaboration and co-innovation, Nokia
anyRAN offers a collaborative advantage to both operators and enterprises. Additionally,
it enables the extension of Cloud RAN server and cloud infrastructure choices to align

with the operator’s data center and edge cloud strategy.
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3.10 Gaps in Literature

The existing literature base on the Classical RAN and Cloud RAN while substantial still
reveals several critical gaps that need to be addressed. First, there are few if any
sufficient large-scale studies comparing Classical RAN and Cloud RAN performance,
scalability, cost-effectiveness under various real-world conditions. The studies used in
this report either focus on one type of architecture or one aspect limiting the ability to
draw conclusions on their overall efficiency. Second, the long-term effects of transitioning
from one type of RAN to the other are insufficiently studied. It is critical to conduct
longitudinal research on the financial, operational, and technical challenges that
operators face in the process and afterward. At the same time, the benefits of such
transition also need to be studied in the long run. Third, the literature base insufficiently
addresses the security concerns of the centralized network architecture. There is
insufficient emphasis on the legal frameworks, robust protocols, and mechanisms
necessary to ensure network security. Fourth, not enough is known about the energy
efficiency of Cloud RAN. While some sources assert its superiority to more conventional
architectures, there are significant concerns about the total energy consumption of the
fronthaul links and data centers. There is a need for a more comprehensive study on the
total energy cost of cloud RAN at different traffic loads and other conditions for accuracy.
Finally, the incorporation of emerging technologies like Al and machine learning in Cloud
RAN is insufficiently studied. More work is needed in understanding their potential role
in network optimization, resource allocation, and fault management in the architecture.
All the above constitute essential knowledge gaps that should be addressed by future

research to ensure the direction of development of future wireless networks.
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4. CONCLUSIONS

The present study has conducted a comprehensive analysis of Classical RAN and Cloud
RAN architectures to provide insights into the unique characteristics, advantages, and
limitations of both systems in the context of wireless communication network evolution.
Given that Classical RAN has been the foundation of mobile networks for several
decades, many of its distributed characteristics have proven to be restrictive and limiting,
which prompted the development of Cloud RAN. This optimal candidate for an alternative
network structure combines centralized architecture, resource pooling, and virtualization
features to yield benefits in scaling, flexibility and economics. However, the transfer of
existing networks to Cloud RAN is complicated by the limitations of fronthaul capacity,
synchronization, and security challenges, among others, have become the most difficult

to reconcile and address for full productivity.

Moreover, the long-term effects associated with the use of Cloud RAN on networks
operation, power usage, and technology evolution must be clarified. The outcomes of
the research gaps reviewed in the prior section point to the necessity of conducting
additional research. Comparative analyses, long-term migration implications, reliable
security frameworks, power use assessments, and Al/ML-based network optimization

must all be explored under actual and divergent conditions.

Given that, wireless communication networks are on the brink of a new development
phase to fulfill the increasing demands for mobile and diverse services and applications,
knowledge about Classical RAN and Cloud RAN architectures and how they can be
integrated is essential. Filling the research gaps and embracing technological innovation
will enable the sector to develop a more efficient, flexible, and responsive wireless
communication network that can support the next generation of mobile services and

more.
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